This work demonstrates the high potential of Al 2 O 3 passivated black silicon in high efficiency Interdigitated Back Contacted (IBC) solar cells by reducing surface reflectance without jeopardizing surface passivation. Very low reflectance values, below 0.7% in the 300-1000 nm wavelength range, together with striking surface recombination velocities values of 17 and 5 cm/s on p-and n-type crystalline silicon substrates respectively, are reached. The simultaneous fulfillment of both requirements, low reflectance and low surface recombination, paves the way for the fabrication of high efficiency interdigitated back contacted Si solar cells using black silicon at their front surface. Outstanding photovoltaic efficiencies over 22% have been achieved both in p-and n-type, 9 cm 2 cells. 3D simulations suggest that efficiencies up to of 24% can be obtained in the future with minor modifications in the baseline fabrication process.
1.

Introduction
Interdigitated Back Contacted (IBC) crystalline Silicon solar cells allow excellent photovoltaic conversion efficiencies [1] [2] [3] , in particular a new world record efficiency of 25.6% in large area n-type device has been recently obtained [4] . In IBC cells, both base and emitter regions with their corresponding electrodes are alternated in a strip-like fashion at the backside of the cell, whereas light impinges on the front device surface.
Some advantages of this structure are evident, the absence of metal shadow losses and the facility to assemble solar cells in modules with coplanar connection. However, if one wants to exploit the full benefit of this structure, high minority-carrier bulk lifetime, outstanding front and rear surface passivation [5, 6] , and low front reflectance are mandatory.
Very low reflectance values in the whole solar spectrum wavelength range can be achieved by nanostructuring front cell surface through so-called black silicon etching (b-Si) [7] . Another advantage of b-Si is to maintain excellent low reflectance values for a broad range of light incidence angles, which offers a potential for daily and yearly photovoltaic energy production increase [8] . However, as a result of black silicon formation the surface area greatly increases and consequently the recombination at the surface becomes a critical issue. It is well known that Al 2 O 3 films achieve outstanding passivation on planar and textured n-and p-type c-Si due to both chemical and field effect passivation [9, 10] . Regarding surface passivation of b-Si, very promising results using atomic layer deposited ALD Al 2 O 3 have been reported recently on both types of substrate polarities [11] [12] [13] . Additionally, ALD Al 2 O 3 material is also a high optical bandgap material (6.5 eV) [10] with scarcely light absorption in the whole solar spectrum wavelength range [14] , paving the way for applying nanostructures to the front surface of the IBC cell architecture (b-Si IBC cell from now on).
In a recent work, we have demonstrated high efficiency b-Si IBC solar cells (>22%) on p-type FZ c-Si substrates (9 cm 2 cell area) using b-Si passivated with ALD Al 2 O 3 at the front surface [8] . However the negative charge within the Al 2 O 3 layer accumulates or inverts the silicon surface on p-and n-type material respectively; thus it remains unclear if the overall surface passivation of b-Si on n-type will reach the same excellent values as on p-type b-Si surface in finished IBC's solar cells. In fact, no efficiencies over 20%
have been yet reported for n-type b-Si IBC's [15] [16] [17] .
It is especially relevant to explore n-type b-Si IBC cells because it is the material of choice of IBC's high efficiency solar cell manufacturers for a number of reasons: on one hand because, unlike p-type substrates, this material do not exhibit light induced degradation (LID) by the formation of boron-oxygen complexes [18] . On the other hand, n-type substrates are less sensitive to the degradation of charge carrier lifetime due to recombination-active metal impurities (e.g. iron contamination) exhibiting higher stable lifetimes than p-type c-Si [3] .
In this work we extend our previous results on p-type b-Si IBC cells [8] to n-type substrates. Surface passivation of b-Si nanostructures and photovoltaic b-Si IBC cell parameters are directly compared and analyzed for both types of substrates. 3D simulations will help y to detect the main efficiency loss mechanisms giving clues to improve both p-and n-type b-Si IBC cells.
2.
Black silicon etching. Reflectance and surface passivation
Experimental
In order to assess the reflectance of b-Si and its surface passivation we use conventional randomly textured surfaces as a reference. High quality defect free crystalline silicon FZ <100> oriented 2.70.2 cm 4 inches wafers (28515 µm thick) were used in the experiments.
Black silicon was etched through a cryogenic inductively coupled plasma reactive-ion etching process (ICP-RIE) at -120 ºC using SF 6 and O 2 as etching gases. Reference cells were textured by anisotropic etching in tetramethylammonium hydroxide (TMAH), isopropanol (IPA) and DI water (320 ml:350 ml:3300 ml) at 80ºC resulting in random pyramids. After the etch, the wafers were RCA cleaned and HF-dipped before the atomic layer deposition of 20 or 90 nm thick Al 2 O 3 layers at 200ºC for the b-Si and reference samples respectively. In the ALD process, TMA was used as the aluminum source and water as the oxidant. Surface passivation has been monitored using symmetrically treated samples. Reflectance has been characterized on samples etched only on the front side with a back reflector scheme of thermally grown dry SiO 2 (110 nm) and aluminum Al (2 µm) deposited by e-beam. A final forming gas annealing at 400ºC for 10 min was performed in all cases.
As can be seen in Fig. 1 , the black silicon etching results in a morphology consisting of pillars densely and randomly distributed in the silicon surface with heights and base widths of less than 1 µm and 200 nm respectively. Only 1 µm of silicon was etched before the actual b-Si formation. Therefore this technique is very well suited to ultrathin crystalline Silicon solar cells (< 10 µm) [19] where conventional surface texturing is not possible due to relative high silicon consumption in the etching (20 µm), as well as an alternative to acidic etching on mc-Si substrates [11] .
<Fig.1>
Reflectance measurements
Reflectance measurements were made using a UV-VIS-NIR spectrometer (Shimadzu 3600) with integrating sphere. Fig. 2 shows the reflectance R of two samples, one of them b-Si etched and the other textured with random pyramids. The spectral photon flux density  AM1.5 corresponding to the AM1.5G solar spectrum is also depicted in the graph for comparison. Black silicon nanostructures exhibit a very low reflectance, below 0.7% in the 300-1000 nm wavelength range, clearly lower than the reference with random pyramids in the UV and blue part of the spectrum.
<Fig.2>
Using these reflectance results, one could estimate in both cases the maximum shortcircuit current density J sc , max of a hypothetical solar cell assuming zero transmittance, i.e ideal back reflector, and an ideal internal quantum efficiency as follows 
Surface passivation
In order to determine the surface passivation quality of our samples we performed minority-carrier lifetime measurements as a function of the excess carrier density n through the quasi-steady-state photoconductance (QSS-PC) decay method using the WCT-120 apparatus (Sinton Instruments). Effective surface recombination velocity S eff is a good indicator of surface passivation. This parameter can be calculated easily from lifetime measurements in symmetrical samples using
where  eff is the measured effective lifetime, w the current wafer thickness, and  in is the intrinsic bulk lifetime (due to Auger and radiative recombination mechanisms) according to the parameterization by Richter et al. [20] . Trap assisted Shockley-ReadHall SRH bulk recombination mechanism can be neglected in the study due to the high quality of the wafers.
As it can be seen in fig. 3a , reference samples achieve lifetimes over 3 ms at low injection levels independently of the doping polarity indicating a very efficient surface passivation with S eff values below 5 cm/s at n=10 (see Fig. 3b ). Surprisingly bSi samples achieve also very low S eff values, well below 20 cm/s (<5 cm/ s for n-type substrate), despite the very unfavorable aspect ratio of the nanostructures compared with random pyramids resulting in a greatly increased total surface value.
<Fig.3> Table I summarizes S eff results in all analyzed samples. Especially remarkable surface passivation is obtained in the b-Si n-type sample yielding a S eff of 4.8 cm/s, practically the same as the reference.
<Table I>
Reflectance and surface passivation results achieved in our precursors demonstrate the high potential of b-Si nanostructures, especially in n-type substrates, to be used for high efficiency solar cell fabrication. Regarding IBC solar cells, front surface S eff values as those shown in table I would allow to obtain photovoltaic efficiencies up to 24.0% using a conventional fabrication baseline process as it will be discussed in section 4.
IBC solar cell fabrication details
Black silicon and reference random pyramids textured IBC solar cells, were fabricated using p-and n-type <100> FZ c-Si 27510 µm thick 4 inches wafers with 20.5 cm resistivity. Cross sections of p-and n-type b-Si IBC cells are shown in Fig. 4a and 4b respectively. and front sides (0.5 µm). This last metal layer clearly defines the active area (see Fig.   5c ). Metal is patterned using standard photolithography to define both interdigitated electrodes at the backside (see Fig. 3b ) and light windows at the front surface. x) Finally a forming gas annealing at T=400ºC during 10 min is performed to recover e-beam 4.
Results and discussion
Four wafers were processed, two p-type and two n-type, two using b-Si and two randomly textured reference IBC cells. In each wafer four 3 cm  3 cm topologies were designed with different emitter coverage f e , (i.e. emitter to total active area ratio), covering a f e range from 67% to 86%. Base and emitter busbars were placed outside active area in all devices.
Solar cells were measured using a solar simulator (ORIEL 94021A) and a 4142B 
<Fig.6>
As can be seen in Fig 6a and Fig. 6b , if f e is tuned adequately, we reach efficiencies up to 22.1% (f e =80%) and 22.0% (f e =75%) in p-and n-type fabricated b-Si cells respectively. cm/s). As a consequence optimum emitter coverage f e has to be lower in n-type devices than in ptype ones. In fact, simulations foresee f e < 60% as the best choice when n-type substrates are used.
Measured external quantum efficiency EQE curves for the best b-Si cells on n-and ptype IBC devices with the corresponding reference counterparts are shown in Fig. 7 .
Simulated EQE results for b-Si cells using the front surface recombination velocity values measured on our test samples (see table I ) are also included (solid lines) in the study.
<Fig.7>
Agreement between simulated and measured EQE values indicates that the excellent front surface passivation is preserved in our finished devices, leading to an EQE over 95% in the 400-1000 nm  range in all cases in agreement with J sc electrical results.
Experimental EQE curves in b-Si and reference n-type devices are quite similar at  600 nm (see Fig. 7b 
Conclusions
This work demonstrates the viability of applying black silicon etching together with 
<Fig.8>
The simulated unit cell is simplified as follows: i) all contacts are square shaped with a width 2r c =60 µm and placed at the middle of base and emitter fingers with a pitch, p, of 250 µm-resulting in a locally contacted structure. ii) The wafer thickness w was set to w=275 µm. iii) S F and S R are the effective surface recombination velocities at the front and rear non-doped surfaces respectively. S F value was adjusted accordingly to the values of 
f m,bus was always set to 0.133 independent of f e . Additionally, the contact resistance between metal and high doped contacted regions is neglected in the simulations. 
